The multifunctional DNA-and RNA-associated Y-box protein 1 (YB-1) specifically binds to splicing recognition motifs and regulates alternative splice site selection.
Introduction
The Y-box protein YB-1 is a member of the cold shock protein family which exhibits pleiotropic functions. YB-1 specifically binds to a sequence motif termed Y-box. This motif is characterized by the presence of a core ATTGG sequence which represents the inverted CCAAT-box. YB-1 controls the transcription of numerous genes, that among others include MHC class II antigen, MDR1, MMP-2, and COL1A1 (1) (2) (3) (4) . DNA binding specificity is mediated through the evolutionarily conserved cold shock domain (CSD) in conjunction with the adjacent C-terminal protein residues (5, 6) .
Interactions of YB-1 with numerous cellular and viral transcription factors including JC virus antigen (7), AP-2 (8), Purα (9) , CTCF (10) and p53 (11, 12) have been demonstrated. These interactions may in part explain cell-specific gene regulation, that is stimulation and repression of transcription, even of the same gene (3) . In addition, it has been proposed that YB-1 plays a role as an architectural protein by its propensity to sequence-specifically unwind DNA duplexes and stabilize singlestranded templates, thereby altering sequence recognition motifs (1, 4, 8) .
Besides their role in regulating gene transcription, cold shock proteins exhibit a wide spectrum of activities by virtue of sequence-specific and -non-specific RNA binding.
YB-1 has been identified as the major component of messenger ribonucleoprotein particles (mRNPs) in mammalian cells which constitute templates for the translational machinery (13) (14) (15) . At higher concentrations Y-box proteins Xenopus FRGY2 and human YB-1 act as repressors of translation in a process called mRNA masking (13, (16) (17) (18) , whereas at lower YB-1 concentrations mRNA translation is activated (19) .
In this regard, specific binding of YB-1 to the 5' cap structure may be of importance, as mRNA decapping and degradation is inhibited after binding (20) . Sequencespecific mRNA binding by YB-1 occurs through the evolutionarily conserved CSD which contains the RNA-binding motifs RNP1 and RNP2 (21, 22) . Upon binding, YB-1 by guest on http://www.jbc.org/ Downloaded from 4 majorly regulates mRNA half lives, e.g. of the interleukin-2 mRNA during T-cell activation (23) and GM-CSF mRNA in activated eosinophils (24) .
Recently, a novel role of YB-1 in splicing has been proposed as YB-1 binds to the A/C-rich exon enhancer element (ACE) in the CD44 gene and thereby directs alternative splicing (25, 26) . This ACE element is not directly bound by serinearginine-rich (SR) proteins, whereas the CD44 alternative splicing was affected through prebinding of YB-1 to this element (26) . Yet, the mechanism by which YB-1 activates exon recognition in the CD44 gene is unknown. In addition it has been shown that YB-1 directly interacts with the translocation liposarcoma protein (TLS), which serves as an adapter molecule connecting gene transcription and RNA splicing, and thereby regulates the adenovirus E1A pre-mRNA splicing (25) . In the present study a direct in vivo interaction of YB-1 with SRp30c is demonstrated which has fundamental effects on the subcellular YB-1 localization and is of functional relevance in the alternative splicing process. 
Materials and Methods

Yeast two hybrid screen
A cDNA library derived from a human mesangial cell line (27) was subcloned into vector MAB86 (Life Technologies). YB-1 cDNA was PCR-amplified using 5' -CATGCCATGGCAATGAGCAGCGAGGCCGAGACCC-3' and 5' -GCACTAGTTCAGCCTCGGGAGCGGGAATTCTC-3' as primers and inserted into restriction sites Nco1 and Spe1 of pDBLeu as bait. In-frame cloning and sequences were verified by full-length sequencing using the ABI PRIM sequencing reaction (Applied Biosystems, California, USA). A yeast two-hybrid screen (Proquest ™ , Life Technologies) (28, 29) was performed with a total of 2x10 6 Technologies) metabolism and ß-galactosidase expression.
Cell culture and transient transfections
HeLa and HEK-293T cells were cultured in Dulbecco' s modified Eagle medium (DMEM, Life Technologies) supplemented with 10% fetal calf serum, 100 U/ml penicillin and 100 µg/ml streptomycin and 2 mM L-glutamine at 37°C and 5 % CO 2 .
For heat-shock experiments, cells were incubated for 1 h at 42°C in complete medium and allowed to recover for 1 h at 37°C before analysis by immunofluorescence. Cells were transfected with purified plasmid DNA by the calcium phosphate precipitation method as described previously (30).
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Expression plasmids for YB-1 (pSG5-YB-1) and SRp30c have been described previously (1, 31 laser scanning microscopy (Zeiss LSM 510 Meta, Zeiss, Germany) was performed at 488 nm for GFP fluorescence (detected at 500 nm < λ FITC < 540 nm) and 543 nm for excitation of TRITC-conjugated antibody (detected at 550 nm < λ TRITC < 600 nm).
In vivo splicing analysis
15 µg of pMTE1A plasmid DNA containing the E1A minigene was transfected in
HeLa cells (2x10 6 cells) combined with expression plasmids pSG5-YB-1, pCR-Flag30c or control plasmids. Care was taken that the total DNA amount was equalized to 50 µg in each reaction by inclusion of the respective amounts of control plasmid.
Cells were harvested 48 h post transfection and mRNA was extracted using the RNeasy minikit™ ( Qiagen, Hilden, Germany). cDNA synthesis was performed using oligo-dT primers (Boehringer-Mannheim, Mannheim, Germany) and Superscript II RNase H -reverse transcriptase (Invitrogen, Karlsruhe, Germany). For PCR the E1A specific primers pMTE1A-sense 5' -ATTATCTGCCACGGAGGTGT-3' and pMTE1A-antisense 5' -GGATAGCAGGCGCCATTTTA-3' were used with 25 cycles of amplification (90 seconds at 94°C, 120 seconds at 50°C, 120 seconds at 72°C).
Amplification products were separated on 3% agarose gels containing ethidium bromide with band intensities being quantified by OptiQuant™ software. Band intensities of all splicing isoforms combined were set as 100% and relative band intensities were determined.
Results
Identification of splicing factor SRp30c as partnering protein of YB-1
To identify YB-1 interacting proteins a yeast two-hybrid screen was set up with fulllength YB-1 as bait and a cDNA library generated from a human mesangial cell line (27) 
Mapping of YB-1 protein domains involved in SRp30c-protein interaction
In order to identify YB-1 protein domains that confer the interaction with SRp30c a panel of GFP-YB-1 deletion constructs (depicted in Figure 2B ) were co-expressed with full-length SRp30c protein in HEK-293T cells and co-immunoprecipitations were performed using anti-Flag antibody. As shown in Figure 2A , 
YB-1 and SRp30c co-localize in mammalian cells
Next we set out to determine the subcellular localization of YB-1 and SRp30c. For SRp30c a nuclear localization has previously been described (33), whereas YB-1 has been reported to localize both to the nucleus and the cytoplasm, depending on the 
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To exclude a cell-specific effect of this protein shuttling analogous experiments were performed with HEK-293T cells yielding similar results (data not shown).
Since the amino-terminal YB-1 protein domains were mapped as high affinity interacting domains with Flag-SRp30c, the corresponding GFP-YB-1 deletion construct, GFP-YB-1 ∆1, was tested for co-localization with SRp30c. As can be seen in Figure 4A (images c and d) construct GFP-YB-1 ∆1 co-localized with SRp30c in the nucleus, whereas construct GFP-YB-1 ∆3 lacking aa 1-137 localized in the cytoplasm when co-expressed with SRp30c ( Figure 4B , images c and d). These results support the notion that the amino-terminal YB-1 protein domains are responsible for the interaction with SRp30c.
Reversal of SRp30c-dependent nuclear YB-1 shuttling by heat shock
As the nuclear co-localization of YB-1 and SRp30c is dependent on the cellular SRp30c content, we subsequently addressed the question whether a shift of nuclear SRp30c into stress-induced sam68 nuclear bodies (33) by heat shock treatment affects the subcellular YB-1 localization. As can be seen in Figure 5 
YB-1 affects alternative splicing of SRp30c
Next we tested for the functional relevance of the YB-1/SRp30c interaction in the alternative splicing process. The adenovirus E1A pre-mRNA minigene was chosen as a model system in which concentration-dependent changes of the splicing pattern by SR proteins has been described (35, 36) . In vivo splicing was monitored by reverse transcription PCR analysis using the pMTE1A-sense and pMTE1A-antisense primers with mRNA collected from HeLa cells that were transiently transfected with the E1A-minigene and a combination of SRp30c expression vector and/or increasing amounts of YB-1 expression vector. Care was taken to ensure that equal DNA amounts were introduced in all transfections. The E1A minigene contains three different 5' splicing sites resulting in three major isoforms 13S, 12S and 9S ( Figure 6A ). As can be seen in Figure 6B , co-transfection of increasing amounts of YB-1 resulted in the preferential formation of the 12S isoform, whereas the 9S isoform decreased in a concentration-dependent manner (quantification depicted in Figure 6C ).
In contrast to this finding overexpression of SRp30c alone lead to the preponderance of 13S transcripts with concomitant decreased appearance of the 9S isoform ( Figure   6B , lane 5), as has been described previously (33, 36) . When both expression plasmids were introduced in combination, that is SRp30c at a fixed and YB-1 at increasing concentrations, the relative intensity of the 12S isoform was increased whereas 13S transcripts were slightly decreased at lower YB-1 concentrations. At the same time isoform 9S was decreased ( Figure 5D ). Taken together these changes in splicing indicate YB-1-dependent selection of splice site selection that is a shift from the 13S towards the more distal 12S splicing site. Thus, YB-1 influences alternative splice site selection of the adenovirus E1A pre-mRNA in vivo and interferes with the SRp30c-dependent splicing pattern in a concentration-dependent manner. SRp30c is a member of the SR-protein family, that has multiple functions in constitutive and alternative splicing processes. It is expressed in most tissues (36) and exhibits structural similarities with the more intensely studied alternative splicing factor ASF/SF2. SRp30c may directly contact RNA via two independent RNA recognition motifs that are linked by a glycine-hinge. This protein family has been named SR-proteins due to arginine/serine dipeptides within the C-terminus.
Previously, interaction of SRp30c with nuclear proteins involved in nuclear architecture maintenance has been reported, that is nuclear and nucleolar protein (Nop30) (39), heterogeneous nuclear ribonucleoprotein A1 interacting protein HAP (33, 40) and src activated during mitosis (Sam68) like mammalian protein (SLM2) (31) . For HAP and SLM2 a function in the organization of the nuclear architecture and RNA-trafficking has been described and these are localized in Sam68 nuclear bodies (41) . By changing local concentrations of SRp30c or by recruiting SRp30c to other nuclear compartments, e.g. stress-induced bodies (33) , splicing patterns are regulated, as has been determined with the E1A minigene (33) .
Changes in local concentrations of splicing factors are a common regulatory mechanism. From this standpoint it is an important observation that YB-1 shifts from its cytoplasmic localization to the nucleus when the cellular SRp30c content is increased by protein overexpression. It cannot be ruled out that this effect is mediated by another protein or an alternatively expressed isoform(s) due to elevated SRp30c concentrations. However, some data support the notion that a direct YB-1/SRp30c interaction is responsible for this shift. First, the same protein domains of YB-1 that interact with SRp30c are required for the nuclear YB-1 localization.
Secondly, heat shock treatment, a condition under which SRp30c is recruited to stress-induced Sam68 nuclear bodies(33), leads to a reversal of the nuclear YB-1 shift within one hour. whereas combined expression of YB-1 at increasing concentrations and SRp30c at a fixed concentration leads to a minor reduction of 13S formation.
